The unique sub-grain patterns have been found in some particular alloys (316L, Al-Si, Co-Cr-Mo) selective laser melting (SLM), the submicron-scale cellular, elongated cellular or even band structures are always coexisting inside one single macro-solidified grain. Furthermore, the cellular structures are symmetrical with hexagonal, pentagonal and square cellular patterns where the cellular size is only around 1μm. Single-layer and bulk 316L SLM experiments are presented that reveals the forming mechanism of these sub-grain cellular microstructures. Complex cellular sub-micron patterns were formed by the local convection and Bé nard Instabilities in front of the solid/liquid (S/L) interface (so-called mushy zones) affected by intricate temperature and surface tension gradients. In other words, this nonlinear self-organization phenomenon (Bé nard Instability) occurring at the S/L interface is superimposed on the macro-grain solidification process to form the sub-grain patterns/structures and elemental microsegregations. This simple and unified explanation can be expanded to other eutectic alloys formed by SLM, like the Al-Si system.
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Selective laser melting (SLM) is a member of the additive manufacturing family of technologies whereby a three-dimensional (3D) part is built layer by layer by laser scanning of a precursor powder bed [1] [2] [3] [4] . The physical feature of SLM is very similar to the micro-beam laser welding; a high energy and fast scanning micro laser beam (~100 μm) induces small melt volumes or melt pools which then solidify rapidly. The non-equilibrium solidification and multiscale hierarchical SLM microstructures will respond differently than conventional processing technologies [5, 6] .
Unique sub-grain cellular and/or band morphologies are observed as typical features achieved by SLM in a range of metals or alloys and this might provide new routes for tailoring metal properties and performances [2, 7, 8] . A sub-grain (0.5 μm) cellular structure found inside each individual large grain in 316L SLM where reported by Saeidi [9] . Molybdenum was found to be enriched at the sub-grain boundaries, see Fig. 1a. Similar austenitic cellular colonies with sub-micro scale primary cell spacing in 316L SLM was reported by Yadroitsev [10] . A Mo-rich area was found in the central region of the track, see Fig. 1b . The latter author also reported the formation of colonies of coherent cells in AISI 420 austenitic stainless steel by SLM, in Fig. 1c [11] . The microstructure of 1Cr18Ni9Ti steel by SLM was mainly composed of cellular dendrites and demonstrated that the dendrite spacing increased with increasing powder layer thickness by Ma [12] , see Fig. 1d . The resulting cellular/dendritic morphologies in SLM of 18Ni300 maraging steel contains very fine solidification cellular grains, with intercellular spacing smaller than 1μm, as reported by Casalino [13] . Here the differences between larger solidified macro-grains and fine sub-grain cellular structures/patterns should be emphasized. Firstly, the sub-grain structures are found to be less or around 1μm while the coexisting macro-grains are around tenths of micrometers. Secondly, two adjacent macro-grains always have different crystallographic orientations or high-angle grain boundaries while the sub-grain structures (within one macro-grain) have the same orientations. Thirdly, and most important, the sub-grain structures in a single macro-grain could have variable patterns (cellular, elongated cellular and even bands/stripes), which indicate a unique forming 3 / 32 mechanism. Fig. 1 . Fine sub-grain cellular structures are shown by SEM images of SLM steel; (a) 316L [9] , (b) 316L [10] , (c) AISI 420 [11] , (d) 1Cr18Ni9Ti [12] . Only (c) is exposed at the as-melted surface, whereas other images are from mechanical polished and chemically etched surfaces.
Besides austenitic stainless steel, Al-Si is another alloy system which can form the unique sub-grain cellular microstructures. Bartkowiak performed SLM on Al-Si, Al-Cu and Al-Zn powder systems [14] . Cellular structures within very fine Si precipitations were found in the Al-Si system, but in other systems (Al-Cu, Al-Zn) these were not found, see Al-Si in Fig.2a . Dinda also found equiaxed dendrites in an Al matrix with a network of Si particles and the dendrite arm spacing was 1.4~1.7 μm [15] . Kempen found very fine sub-grain microstructures and fine distributions of Si phase in AlSi10Mg SLM parts [16] . This contributed to a higher hardness and strengths of the alloy; the microstructure is seen in Fig.2b . Using the same alloy composition and SLM, a very fine cellular-dendritic solidification structure with a size smaller than 1μm was observed by Thijs [17] . The grey cellular features in the SEM images were primary Al metal with small, distributed fibrous Si particles (white), as seen in Fig. 2c . Other similar results of SLM of Al-Si alloys can be found in Refs. [18] [19] [20] [21] , which prove that fine supersaturated Al-rich cellular structures along with Si at the boundaries are very common, see [14] , (b) [16] and (c) [17] . SEM micrograph with an EDX composition map (enhancing Si) is seen in (d) [19] .
Besides austenitic steel and the Al-Si system, the sub-grain cellular morphologies can also be found in some other alloys processed by SLM; they are characterized by FCC structures or eutectic structures. Thus, Carter reported fine cellular sub-grain structures in Ni625 (Ni-Cr21.5-Mo9-Nb3.6) by SLM [22] . Here large amounts of Nb and Mo concentrated at cellular boundaries. In addition, Hedberg and Qian reported the use of SLM for Co-Cr-Mo compositions that gave fine cellular and elongated cellular microstructural features with cell boundaries enriched in Mo (Co depleted) [23] . The same cellular structures were observed in a SLM Co-Cr-Mo sample, at the transverse cross section normal to the building direction, by Takaichi [24] . Song fabricated NiCr alloy parts by SLM and found unusual fine columnar microstructural architectures [25] .
Similar results are also reported in a CoCrW alloy by Lu [26] . These sub-grain cellular patterns, that tend to appear in some eutectic and FCC alloys by SLM, were discussed by Song in [6] . Song concluded that molten pool boundaries with fine cellular dendritic structures had been observed in 316L, 304 and Ni625 alloys, but these typical microstructures were not present in Ti-6Al-4V (HCP), Fe (BCC) and ferrous alloy metal matrix composites. This statement was supported by Vrancken that reported a Ti-6Al-4V(-ELI) SLM microstructure consisting of acicular martensitic α′ within prior columnar β grains (50-150 μm) changed solidification mechanism when mixed with 10
wt.% Mo powder [27] . The new metal-metal composite (Ti-6Al-4V+10Mo) changed from planar to cellular mode and the new cellular β grains (5-15 μm) were significant smaller than the earlier columnar grains. More important, within each β grain a cellular substructure with an intercellular spacing of less than 1μm was present and microsegregation of the elements Mo, Al and V took place.
The forming mechanism of sub-grain cellular microstructural features in SLM (and other laser surface melting technologies) is still an open question, although some researchers have tried to explain it. The given explanations can be classified into three classes, where the first is involving compositional fluctuations and the constitutional supercooling theory. The ratio of temperature gradients and growth rates (G/R) decides the grain growth morphologies; heat accumulation may also provide the opportunity for a transition from columnar to equiaxed structure (CET) [9, 10, 13, [28] [29] [30] [31] [32] [33] [34] [35] [36] . The second class of explanation is the interface stability theory; the formed microstructure is related to the changes in velocity of the solidification front, rapid acceleration, oscillatory morphological instability and nonequilibrium trapping of solute [37] [38] [39] [40] [41] [42] [43] . The third class of explanation is either about the surface tension driven convection or a diffusive transport of impurities or of one of the constituents of the material [44] [45] [46] . Qu systematically investigated the solid-liquid interfacial morphology evolutions of Al-1.5%Cu in rapid solidification [47] . Qu found that the dendrite tip shape was an important parameter affecting the dendrite to cell transition. The transition can be described by specific linked conditions of velocities, temperature gradients and alloy compositions.
All these explanations seem logical, but none of them can be considered as a unified explanation for all observed cases. The SLM process itself raises some specific conditions; firstly, the size of a SLM melt pool is limited, width and depth are around 100~200 μm, and the process can be treated as a thin film flow in which the gravity effect can be ignored. Secondly, the melt pool has extreme temperature gradients (~10 000 K/mm); inevitable giving intense convection and turbulent heat-and mass-6 / 32 transfers [48] . Based upon these realities, the focus of this study will be thermocapillary (Marangoni) or solutocapillary flow in the SLM melt pool. It is known to play an important role in hydrodynamics, heat/mass transfer and solidification microstructure formation in melt alloys systems [49] . In addition, the hexagonal cellular convective pattern (Bé nard cell) caused by surface-tension-driven instability (Bé nard-MarangoniInstability, BMI) is also an important physical phenomenon, as shown in Fig. 3a [50, 51] . These cellular convections in a melt pool have very important impact on the crystal growth, because the growing (moving) crystal interface can react to flow oscillations and can incorporate them as solidification microstructures [36, [51] [52] [53] . 
Experiment arrangement and procedures
All SLM experiments were conducted on a Renishaw AM250 facility equipped with a SPI redPOWER 200W ytterbium fiber laser, operating at 1,071nm wave length and 75 μm beam diameter (Φ99%) (Renishaw AMPD, Stone, UK). The laser runs in modulated operation (pulsed with TTL trigger).
Single-layer SLM tests were performed to study the as-melted top surface morphologies, where the substrate was a rolled 316L plate, size of 10cm×8cm×3cm, and polished with 1000# abrasive paper. The polished surface was then coated with a black paint layer to reduce the reflection of laser energy. The powder layer was deposited on the black painted surface with a thickness of 50 μm by using the wiper system on the SLM machine, Fig. 4a . The laser beam then scanned the single powder layer with power 190W, scan speed 700 mm/s, line spacing 0.05 mm, and "zigzag" scan strategy. Oxygen content in the chamber was set as 1000 ppm (recommended by
Renishaw). The single-layer powder appearance after an interrupted laser scan is shown in Fig. 4b . The 316L SLM bulks were fabricated using the same laser parameters as in the singlelayer SLM experiments, except line spacing was 0.125 mm. The scan strategy was "cross hatching" which had long bi-directional scanning vectors and performed 67
• angle rotation of scanning direction between adjacent layers.
Microstructural characterization
Samples were microscopically characterized using a TESCAN MIRA 3LMH scanning electron microscope (SEM) from TESCAN (Brno, Czech Republic). The SEM samples were ground using sand paper in a Buehler abrasive belt grinder and followed by polishing with a set of decreasing diamond size suspensions with a final 1μm size.
Chemically etching occurred in an acidic water solution containing 2% HF -8% HNO3 -deionized water for, 10 minutes at 25℃. Transmission electron microscope (TEM) tests were performed on a JEM-2100 (JEOL, Tokyo, Japan). The TEM samples were first ground down to 70 μm thickness and then twin-jet electropolished to electron transparency; electrolyte was 10% perchloric acid in methanol and the temperature was 9 / 32 maintained at -30℃. 
The sub-grain cellular/bands microstructures
The solidified macro-grain boundaries (classified by grain orientations) in SLM 316L stainless steel are shown in Fig. 8 . The size distributions of these irregular macro-grains are not uniform; there are both some larger grains with size over 50 μm and some smaller grains, but the median macro-grain size according to the graphical analysis results is of the order 10 μm. 
The TEM observation
Sub-grain bands and cellular microstructures can be distinguished also by TEM images, as seen in Fig. 11 . The black circular inclusion in Fig. 11a is an amorphous Cr-Si-O 14 / 32 particle which has been discussed in [9] . Clearly dislocation tangles and dislocation cell structures are found in the TEM images. Occurrence of dislocation structures are normally achieved for plastically deformed steels, but do happen in SLM samples.
Another observation is that the dislocations are not homogeneously distributed in the material, as in some area the density is very high while in other areas it is absent. This may related to the asymmetry of temperature gradients, impurity segregations and possible solid-state phase change of ferrite to austenite during rapid cooling. 
The complex thermocapillary and solutocapillary convections in the melt pool
The SLM technique or micro beam laser welding comprises very complex physical processes. The liquid metal is affected by heat/solute transport and at the same time intense convective vortex movements driven by asymmetrical temperature gradients, surface tension gradients and laser recoil forces (keyhole). Results from finite element simulation of the SLM process used on 316L steel can be seen in Fig 12-14 [56]. A finger shaped melt pool forms at ultra-high heating/cooling rates when laser 15 / 32 irradiates the surface in a straight line. The node temperature increases rapidly to a maximum around 2400K in Fig. 12 . After the laser moved away the node temperature drops rapidly and the cooling rate can be estimated to around 6×10 4 At a cross-section view, the temperature gradient Gz in the melt pool bottom (perpendicular to laser scan surface) is about 6.2×10 3 K/cm, in Fig.13 e-f.
The mentioned non-uniform temperature gradients found in the melt pool can induce surface tension variations and generate thermocapillary flow [57] . and element enrichments of a multi-element alloy. Surface tension will be a function of temperature T and the contents of other elements [58] :
Where ∂σ/∂T is coefficient (temperature and surface-active elements) of surface tension;
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R is the gas constant; Γs is the saturated surface excess; Kseq is the equilibrium absorption coefficient of surface-active elements; ai is the activity of surface-active elements (weight % ); and ΔH 0 is the standard heat of adsorption. From Equ.1, all observed structural features can follow from changes of the local surface tension in front of the S/L interface and the thermocapillary flow mode. Two examples are the rejected elements of Si, Cr, Mo during austenitic solidification in 316L and the precipitation of Si phase in the Al-Si eutectic system, these elements can change the local surface tension gradients.
In our experiments, although the SLM chamber environment is carefully controlled, it is still difficult remove all surface-active elements completely, e.g. oxygen. Some residual oxygen is present in the precursor powder and in the SLM machine chamber (＜1000 ppm). In the SLM process; the center of laser melt pool has the highest temperature and as ∂σ/∂T is a negative value the melt at the top surface flows outward (Equ.1). In the edge area, with significant lower temperature, the ∂σ/∂T changes to a positive value and the melt flow inverts inward from the edge to the center. The SEM images presented in Fig. 5 can be understood by this mechanism. Firstly, at the melt pool edge the largest temperature gradients exist with a dissolved surface-active element film, resulting in the described melt flow from edge to the center. Secondly, at an invariable cooling rate of 6×10 4 K/s (G· R) and the smallest temperature gradient being along the tail (1.0×10 3 K/cm), the growth rate R has a maximum value of 600 mm/s (laser speed 700 mm/s) from the tail to the center. Most important is that these ultra-high, nonlinear and asymmetrical temperature gradients can initiate intense melt jets and even turbulence instabilities, with surface flow rates higher than 1000 mm/s, which will then form complicated flow patterns and solidification microstructures [59] .
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Bé nard instabilities and cellular microstructures in front of the S/L interface
For small melt volumes, rapid heating/cooling rates and limited solute redistributions, the solidification by SLM can be considered as a process of "no solid diffusion and Based on the stability limits analysis and flow pattern transitions, the cellular sub-grain microstructure shown in Fig. 9c can be attributed to the Bé nard-Marangoni-Instability.
In a very thin layer (1×10 -6 m) in front of the S/L interface and at the melt pool bottom, there exists a very strong temperature gradient shown in Fig. 16a [66] . Thereby
Marangoni-Bé nard convection with hexagonal structures can be generated in this thin layer and at the same time be superimposed on grain solidification, see In another situation, where a strong horizontal temperature gradient and horizontal fluid flow exists in the melt edge area, streak structures can be generated from melt pool edge to the center, as in Fig. 17a . These streak structures can also be superimposed on macrograin solidification and the intragranular band patterns are generated, see Fig. 9f . Ideal conditions exist for structures seen in Fig.16 and Fig. 17a , but the actual temperature gradients in SLM pools are asymmetrical and complicated. These interactions can generate more complex sub-grain patterns, see Fig.17b . The cellular, elongated cellular and bands appear simultaneously and transitionally (Fig. 9) . The as-melted top surface morphologies can also be explained by similar mechanisms and these morphologies are generated in the last stage of solidification, reflecting the complex surface Marangoni flows as plotted in Fig.18 . 
The micro-segregations of sub-grain cellular structures
The diagram, a single phase austenite will be formed by lower Creq/Nieq (＜1.37) and "austenite + acicular ferrite" will be generated for higher Creq/Nieq (≈2) [68, 69] . That means 316L steel solidifies with a single phase austenitic microstructure, which consumes the austenite-promoting Ni, and rejects the ferrite-promoting elements Cr, Si and Mo in the solidification front; thus the ratio of Creq/Nieq is increased ahead the S/L interface.
Another physical phenomenon named particle accumulation structures (PAS) will be introduced [66, [70] [71] [72] . PAS is the behavior of small particles of dilute concentration in are seen in (a) [70] [71] [72] . The microstructure by SEM of a casted Al-12Si alloy is shown in (b) [19] , the microstructure after SLM of an Al-12Si alloy without preheating (c) and with preheating (d) [20] . 
Conclusions

